Estimating risk over time using data from targeted surveillance systems: Application to bovine tuberculosis in Great Britain  by Blake, Isobel M. & Donnelly, Christl A.
E
A
I
M
a
A
R
R
1
A
A
K
B
T
I
I
u
i
i
i
s
f
a
d
r
s
o
c
1
hEpidemics 4 (2012) 179–186
Contents lists available at SciVerse ScienceDirect
Epidemics
j our na l ho me p age: www.elsev ier .com/ locate /ep id emics
stimating  risk  over  time  using  data  from  targeted  surveillance  systems:
pplication  to  bovine  tuberculosis  in  Great  Britain
sobel  M.  Blake,  Christl  A.  Donnelly ∗
RC  Centre for Outbreak Analysis and Modelling, Department of Infectious Disease Epidemiology, School of Public Health, Imperial College London, London W2 1PG, United Kingdom
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 22 December 2011
eceived in revised form
3 September 2012
ccepted 17 September 2012
vailable online 26 September 2012
eywords:
ovine tuberculosis
argeted surveillance
ncidence
a  b  s  t  r  a  c  t
For  infections  that are  typically  asymptomatic,  targeted  surveillance  systems  (whereby  individuals  at
increased  risk  are  tested  more  frequently)  will detect  infections  earlier  on  average  than  systems  with
random  testing  or in  systems  where  all  individuals  are  tested  at the  same  intervals.  However,  estimating
temporal  trends  in  infection  risk  using  data  from  such  targeted  surveillance  systems  can  be challenging.
This  is similarly  a problem  for  targeted  surveillance  to  detect  faults  of  individual  industrial  components.
The  incidence  of  bovine  tuberculosis  (TB)  in  British  cattle  has  been  generally  increasing  in  the  last  thirty
years.  Cattle  herds  are  routinely  tested  for  evidence  of  exposure  to the aetiological  bacteria  Mycobacterium
bovis,  in a  targeted  surveillance  programme  in which  the  testing  interval  is determined  by  past  local  TB
incidence  and  local  veterinary  discretion.  The  UK Department  for Environment,  Food  and  Rural  Affairs
(Defra)  report  the  monthly  percentage  of  tests  on ofﬁcially  TB-free  (OTF)  herds  resulting  in  a conﬁrmed
positive  test  for M. bovis  (i.e.  the  percentage  of  tested  herds  with  OTF  status  withdrawn),  which  contains
substantial  ﬂuctuations  (three  years  apart)  within  the  increasing  trend.  As  the  number  of herds  tested
changes  over  time,  this  cyclic  trend  is  difﬁcult  to  interpret.  Here  we  evaluate  an alternative  to the  Defra
method  in which  we  distribute  each  incident  event  across  the  period  at risk  to  infer  the  underlying
trends  in infection  incidence  using  a stochastic  model  of  cattle  herd  incidence  and  testing  frequencies
ﬁtted  to  data  on  the  monthly  number  of  herds  tested  and  number  of  these  with  OTF  status  withdrawn
in  2003–2010.  We  show  that for an increasing  underlying  incidence  trend,  the  current  Defra  approach
can  produce  artefactual  ﬂuctuations  whereas  the  alternative  method  described  provides  more  accurate
descriptions  of  the  underlying  risks  over  time.ntroduction
For infections that are typically asymptomatic but detectable
sing available diagnostics, targeted surveillance systems (in which
ndividuals at increased risk are tested more frequently) will detect
nfections earlier on average than systems with random testing or
n which all individuals are tested at the same intervals. In industrial
ettings, comparable targeted testing systems seeking to detect
aults that are not readily apparent will test industrial components
t increased risk of failure more frequently. Although such systems
o pick up infections or faults more quickly, estimating tempo-
al trends in infection risk using data from targeted surveillance
ystems can be challenging.
Abbreviations: TB, tuberculosis; GB, Great Britain; OTF, ofﬁcially TB-free; OTFW,
fﬁcially TB-free status withdrawn.
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Crude analysis of bovine tuberculosis (TB) cattle herd incidence
in Great Britain (GB) from targeted surveillance has shown that inci-
dence has generally been increasing since the 1980s (Krebs et al.,
1997). The majority of cattle that become infected with Mycobac-
terium bovis (the aetiological agent of bovine TB) are asymptomatic
and therefore routine testing for exposure to M.  bovis is required.
A newly detected conﬁrmed herd breakdown of bovine TB
(hereby referred to as a herd with ofﬁcially TB-free status (OTF)
withdrawn (OTFW)) is deﬁned as an incident in which post-mortem
examination of slaughtered cattle leads to detection of TB lesions
or culture of M. bovis. Cattle that show evidence of exposure to
M. bovis are compulsorily slaughtered, resulting in considerable
losses to the agriculture economy and affected herds are placed
under temporary movement restrictions. Herds in which skin test
reactors are identiﬁed but not conﬁrmed by either TB lesions or cul-
ture of M.  bovis are categorised as suspended TB free status (OTFS)
and do not regain their OTF status until undergoing a negative test
from at least one short interval test. In 2010 a total of 33,000 cattle
were slaughtered due to detected TB breakdowns in herds and 1
in 10 herds were put under movement restrictions (Defra, 2011a).
Because of this strain on the agriculture practise in GB, there is
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Fig. 1. Comparison of one hundred simulations from the ﬁtted model (light grey lines) to observed data (black lines) on (A) the number of OTF cattle herds tested per month
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ethod. A randomly chosen ﬁve of the hundred simulations are shown in dark grey
urrently a debate as to whether further control measures, such as
adger culling, are required to reduce the incidence of bovine TB
Defra, 2010). It is therefore critical to understand the true underly-
ng incidence trend to assess whether additional control methods
re required and to monitor the success, on a national scale, of new
ontrol strategies.
The current method of monitoring trends in the incidence of
ovine TB uses data from the testing of previously categorised OTF
attle herds for evidence of M.  bovis exposure either annually, every
wo years, every three years (although this is currently uncommon)
r every four years (Defra, 2011b).  The default frequency of routine
B testing (the test interval) for all cattle herds situated in a parish
s determined by the parish testing interval. Since 2005, the per-
entage of new OTFW herds that were tested within a parish in the
ast six years together with local veterinary discretion about local
ransmission risks has informed the calculation of parish testing
ntervals. In 2010 this approach was modiﬁed to be a more coher-
nt risk-based method (Defra, 2011c). Therefore, herds belonging
o a parish with a history of conﬁrmed M.  bovis incidence are tested
ore frequently than herds belonging to a parish where none of its
espective herds have been previously classiﬁed as OTFW. Thus,
erds that are tested more frequently are generally likely to be at a
igher risk of herd breakdowns than those tested less frequently.
The number of herds classiﬁed as OTFW been increasing over
ime and thus, due to the link between TB incidence and test-
ng intervals, the number of herd tests per annum has also beenFW per month, (C) the crude percentage of tests per month resulting in OTFW (%
 adjusting data and applying a 23-term Henderson moving average using the X-11
increasing (Defra, 2012, black lines – Fig. 1A and B). The number of
herds tested is seasonal with a larger proportion of tests in the win-
ter months than the summer months, resulting in a seasonal cyclic
pattern of positive tests. Under arrangements approved by the UK
Statistics Authority, the UK Department for Environment, Food and
Rural Affairs (Defra) currently report the incidence trend for bovine
TB in GB as the monthly percentage of previously OTF tested herds
resulting in a newly detected conﬁrmed herd breakdown (OTFW)
as described in Defra (2012).  These data, which are presented to
reﬂect the national incidence risk, are shown in Fig. 1C (crude) and
D (smoothed) for January 2003 to December 2010 and contains
two pronounced ﬂuctuations (N.B. use of these data avoided the
test results affected by the disruption to routine TB testing due to
the 2001 foot and mouth disease epidemic). However, interpreting
this representation of the trend in bovine TB risk is difﬁcult if herd
testing frequencies are changed alongside changes in the TB risk of
certain cattle herds. For instance, if herds with a low or moderate
risk of developing a new TB incident are moved on to more frequent
testing together with herds with a high-risk of developing a new TB
incident, the low risk herds will contribute to the increased total
number of tests but may  contribute little to the number of new
OTFW herds, resulting in a lower reported percentage of conﬁrmed
positive tests than before the testing frequency was  changed.
Cox (2010) describes an alternative method to estimate the
underlying incidence trend from data on the number of tests and
number of tests resulting in OTFW which is not inﬂuenced by the
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hange in herd testing frequency. The method makes the simplify-
ng assumption that each incident event that is detected on testing
leading to OTFW) could have occurred at any time within the
esting period with equal probability and therefore the method
istributes each incident event across the entire testing period.
or herds with censored data (those with tests due after the last
bserved time point) the method also estimates the distributed risk
or these herds by assuming that for each year of censored data the
ncidence rate equals that observed in herds in the same testing
requency group tested that year.
Here we compare the performance of this method, adapted to
llow for multiple infections having occurred within a single test
nterval, to the current bovine TB reporting system using sim-
lations from a stochastic model of herd testing and infection
ncidence over time, ﬁtted to Defra data on the number of herds
ested and number of herds with OTFW in GB between January
003 and December 2010.
ethods
verview
A stochastic model of herd testing and infection incidence was
tted to the published monthly data on the number of herds tested
nd number of herds with OTFW over time. The alternative method
o infer incidence risk described by Cox (2010),  adapted to allow
or multiple infections having occurred within a single test inter-
al, and the current Defra method were both then applied to data
imulated from the ﬁtted stochastic model. The model contained an
nderlying infection incidence risk which could increase, decrease
r remain constant through time and assumed herd testing fre-
uency to be dependent on past cumulative parish incidence. The
ox method requires for each time point the number of herds tested
nd number of herds with OTFW by testing interval which is not
ublished for the national data. The model provided an estimate of
rue underlying incidence to which the results of the Cox and Defra
ethods could be compared.
ata
Data on the total number of OTF herds tested by month and
he number of tests which resulted in a OTFW from January 2003
hrough to December 2010 for England, Scotland and Wales were
btained from the national statistics published by Defra on the
ncidence of TB in Cattle (Defra, 2012) (black lines in Fig. 1A and
, respectively). The number of herds tested was seasonal within
 year, with a larger proportion of tests in the winter months
ompared to the summer months. These data did not contain
nformation on testing frequencies of herds. The Defra statistics
eport the percentage of tests on OTF herds resulting in OTFW.
efra calculated this by ﬁrstly taking a mean of new OTFW herds
nd unclassiﬁed (not yet conﬁrmed) new herd breakdowns (OTF-
uspended) divided by the number of tests on OTF herds. In this
ork we used only the number of new OTFW herds in the numera-
or of the percentage because the numbers of new OTF-suspended
erds are not published and the resulting two percentages differed
y a maximum of 0.09% and median of less than 0.0001%. This crude
ercentage is shown in Fig. 1C (black line) and the smoothed per-
entage using a 23-term Henderson moving average (Henderson,
916) for seasonally adjusted data (Dagum, 1988) (as used by Defra,
ee below) is shown in Fig. 1D, black line.
ata smoothing (seasonal adjustment and Henderson 23-term
oving average)
The freely available X-12-ARIMA seasonal adjustment soft-
are was used (http://www.census.gov/srd/www/x12a/, with theemics 4 (2012) 179–186 181
windows interface, version 0.3), using the X11 option for seasonal
adjustment and testing for ‘Temporary Change’ outliers to match
the smoothing methodology used by Defra in the currently reported
incidence trend. Further detail is given in the supplementary
material.
Description of model of cattle herd incidence and testing
frequencies
The model contains discrete time steps, indexed by t, where the
length of a time-step is a fraction of one year.
We  assume that a given herd, i, develops detectable M. bovis
infection at an exponentially distributed rate i per discreet time
step. We  make the simplifying assumption that once infection is
detected in a herd and the herd is classiﬁed as OTFW it reverts to
uninfected status immediately. In a simple case if herds are tested
at the end of each time step, the probability of a herd detected with
M. bovis infection on testing, pi, is given as:
pi = 1 − exp(−i). (1)
If a herd is not tested at every time step, pi for a current test is
now given as:
pi = 1 − exp(−(tb − ta)i) (2)
where tb is the time of the current test and ta is the time of the
previous test.
To allow for an increase in incidence risk over time we assume
that there are n risk groups of herds and at a given time t, a herd i
will be in risk group K. When n = 2, if K = 1 then i = 0 and if K = 2 then
i = 0.16 (per year). When n > 2 we assume a linear increase in val-
ues between risk groups from 0 to 0.16 (per year). For the ﬁrst time
step in 2003 we  assume a herd can be in one of two  risk groups for
simplicity: a herd can either be in risk group K = 1 with probability
(1 − q) or instead a herd can be in the risk group closest to i = 0.1
with probability q. For comparison, the ten un-culled ‘survey-only’
only areas of the Randomised Badger Culling Trial had 126 con-
ﬁrmed herd breakdowns in a one-year post-trial period with 1276
baseline herds, for a conﬁrmed breakdown rate of 0.099 per annum
per baseline herd (Jenkins et al., 2008).
For a particular herd, the probability of the herd moving to
an adjacent risk group at the next time step is denoted by ω
which can vary over time, depending on the values of the time
thresholds z1, z2, z3 and z4 (if ω > 0 then ω denotes the probability
of K(t + 1) = K(t) + 1 and if ω < 0 then −ω denotes the probability of
K(t + 1) = K(t) − 1):
t < z1 ω = 0
z1 ≤ t < z2 ω = 1
z2 ≤ t < z3 ω = 0
z3 ≤ t < z4 ω = 2
z4 ≤ t ω = 0
where −1 ≤ 1 ≤ 1 and −1 ≤ 2 ≤ 1.
Note that simpler models are nested within this structure. We
assume that at each time-step a herd can remain in the same risk
group as the previous time-step or move to the adjacent higher or
lower risk group. Therefore in Eq. (2), i may be a different value at
each time-step t and from this point forward will be given as i,t.
It therefore follows that:
pi,t=tb = 1 − exp
(
−
tb∑
t=ta+1
i,t
)
(3)The underlying risk of a herd developing detectable M.  bovis
infection at a given time-step, ri,t, is given as ri,t = 1 − exp(−i,t)
(Eq. (1))  and r¯t at represents the mean risk across all herds at time
t (referred to from this point on as the underlying risk).
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At a given time, each herd is randomly assigned to one of three
esting categories: annual  = 1, every other year  = 2, or every four
ears  = 4. (The model does not include three-yearly testing as
here are so few herds which are assigned to this testing frequency,
efra, 2011d.) We  assume that a herd is always tested during the
ame month each time it is tested, recognising this is not always the
ase in reality. Herds with the same testing interval are randomly
rouped into parishes. Herds can move from  = 4 to  = 2 when the
umulative number of incident infections per parish is >2 (where
 represents a threshold number of conﬁrmed incidents in a parish
ver a given time period and the index refers to the new testing
requency the parish will move to if the threshold is reached) and
rom  = 2 to  = 1 when the cumulative number of incident infec-
ions per parish is >1 (1 ≥ 2). Herds are assumed to be tested
ithin a year after the testing frequency is changed. We  assume
he ﬁrst time testing frequencies may  be changed is at time t = 
nd assume that subsequent changes in testing frequencies occur
very  years. For simplicity we assume herds are not assigned
o less frequent testing than their current testing interval in the
pplication to data on bovine TB in Great Britain.
The number of herds tested within a month changes seasonally.
f time steps (year sub-intervals) within a year are indexed by m,
hen given that a herd will be tested in a particular year the proba-
ility that a herd is tested in sub-interval m is given as wm (where ˛
s the number of time steps per year and therefore
∑˛
m=1wm = 1).
Herds in GB are assigned a testing frequency at the start of 2003
s follows. The parameter 	1 denotes the proportion of herds in
B to be on annual testing. Similarly, 	2 denotes the proportion
f herds on two  yearly testing and 	4 denotes the proportion on
our yearly testing such that 	1 + 	2 + 	4 = 1. Herds are randomly
ssigned to testing frequencies with the probabilities 	1, 	2 and 	4.
e assume the probability of a high-risk herd (where ‘high-risk’ is
eﬁned as herds where i ≥ 0.1 per year) being on annual testing
t the start of 2003 is 
 and annual herds are randomly assigned to
e high-risk with this probability. The remainder of herds (those
n four-yearly and two-yearly testing) are randomly assigned to
e high-risk ensuring that parameter q (the overall of proportion
f herds that are high-risk) is satisﬁed.
For each herd where  = 4 the year of the commencing test was
andomly chosen as 2003, 2004, 2005 or 2006 at the start of the
imulation and as 2003 or 2004 for herds on  = 2.
The incidence for each herd tested at time t was  evaluated as
 Bernoulli trial with probability pi (Eq. (3)). The total number of
TFW herds at time t is therefore the sum of incidence over all
erds tested at that time-step.
Each simulation includes an initial burn-in period of ﬁve years
uring which there were no changes in herds’ risk of an incident
nd no changes in testing frequencies. The time period in which
umulative parish incidence is tracked prior to the year 2003 was
aken to be ﬁve years.
A table describing the symbols used is given in the supplemen-
ary material.
arameter estimation
Model parameters q, 1, 2, z1, z2, z3, z4, 1, 2, ,  and 
 were
stimated for the period January 2003 to December 2010 using
aximum likelihood estimation, ﬁtting to the observed data on
he number of tests and number of OTFW herds over time
The proportions of herds assigned to each testing frequency (	1,
2 and 	4) in GB were set to the proportion of herds in each testing
ategory in 2003 as described in Veterinary Laboratories Agency
2011) (0.15, 0.11 and 0.74, respectively). Values of wm for each
ear sub-interval were calculated as the mean observed proportion
f tests for that sub-interval between the start of 2003 and the
nd of 2010 (values given in supplementary material). The ﬁttingemics 4 (2012) 179–186
of the model was constrained so that the proportion of annually
tested herds that were high-risk in 2003 was always greater than
the proportion of four-yearly tested herds that were high-risk.
The total number of herds in GB was  taken to be 116,000 and for
simplicity was assumed not to change over the time period under
study. The number of herds per parish was  assumed to be approx-
imately 5 (calculated by dividing the total number of herds by the
total number of parishes in each location, Defra, 2011b).
As the data are published by months, m = 1 (January), 2
(February), . . .,  12 (December), each time-step (t) corresponded to
a month. Thus, t = 1 corresponded to January 2003 and, for example,
t = 43 corresponded to July 2006.
Model parameters were estimated for a model with n = 2, 3, 4
and 5 herd risk categories and the best ﬁtting model was identiﬁed
as the one with the highest likelihood value.
The likelihood of observing the number of OTFW herds in the
data for a time step (month) in a simulation, is given as a binomial
likelihood, conditional on the model parameters and the observed
number of herds tested at time t,
L(t) =
(
ND!
xD!(ND − xD)!
)
p¯xD (1 − p¯)ND−xD .
where xD corresponds to the number of OTFW herds observed in
the Defra data at time t; ND corresponds to the number of tests
observed in the Defra data at time t; and p¯ corresponds to the mean
pi for herds which are tested at time t in one simulation. The model
was ﬁtted to the data from January 2003 through to December 2010
(i.e. 96 time-steps). As each model simulation is stochastic, thirty
simulations were run and the mean of p¯ at each time-step from
these simulations were used to calculate L(t). Each simulation was
computationally expensive but averaging over thirty sufﬁciently
reduced variation in values of p¯.
Therefore the total log likelihood is the sum of ln(L(t)) over all
time-steps t.
The model was  written in the R-programming language (R
Development Core Team, 2008) and the simulated annealing
package was used to maximise the likelihood. The optimisation was
run many times using different starting parameter values to ensure
a global maximum was  reached. The package was modiﬁed to allow
optimisation for a mixture of continuous and discrete parameters.
The variance of each continuous parameter estimate was  calcu-
lated by taking the corresponding diagonal entry of the negative
inverse of the Hessian matrix (obtained using the ‘numDeriv’
package in R). The 95% likelihood-ratio-based conﬁdence inter-
vals were calculated by assuming that −2(ln L) is approximately
2 (chi-squared) distributed.
Sensitivity analysis of the model assumption of underlying risk
over time was  performed by re-ﬁtting a simpler model to the data
and identifying the best-ﬁtting model, given the number of param-
eters estimated, using the likelihood ratio test.
Risk estimation
Cox (2010) derived an estimator for detecting the mean under-
lying national incidence risk of an infectious disease (or faults in an
industrial setting) at each time-step t, from targeted surveillance
data. A detailed explanation of this method to estimate incidence
risk is given in the original paper by Cox (2010).  Here we outline
the method in relation to estimating the mean underlying national
incidence risk of bovine TB pˆt . The method requires data on the
number of tests, N,t, at time t whose last test was   years ago, and
the number of these that are OTFW, x,t.Adjustment for multiple introductions of infection into a herd
Recording whether a tested herd results in OTFW does not
distinguish between one incident infection event in a herd and
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ultiple introductions of infections into a herd in the time period
ince the last test, and therefore the true number of incident infec-
ions that would have occurred between the last test and the
urrent test must be estimated. At time-step t, the estimated true
umber of incident infections, that occurred in N,t herds tested at
hat time t, is given as Z,t. We  estimated this value by the following
rinciple: In a given testing frequency group, incident infections
ccur at an exponential rate of z,t/N,t and the probability of at
east one incident occurring is therefore 1 − exp(−(z,t/N,t)). This
robability is observed as x,t/N,t and so by rearranging the former
quation it is possible to calculate z,t:
,t = − ln
(
1 −
(
x,t
N,t
))
N,t (4)
.e. z,t is estimated for every value of  at each time-step. This
ssumes that all herds in testing frequency group  are equally
ikely to have an incident event and is a lower bound estimate of
,t. If there is heterogeneity within the testing frequency group the
stimate of z,t will be increased. For example, if it is assumed that
nly 1/c  of herds in testing group  were at risk of developing an
ncident infection, then
,t = − ln
(
1 −
(
cx,t
N,t
))  (
N,t
c
)
. (5)
In this application to bovine TB we assume that there is het-
rogeneity in herds and vary the values of c to estimate the upper
ound in risk. Calculation of z,t is an extension of the method as
escribed in Cox (2010).
escription of the Cox method
The estimated incidence risk rˆt is estimated as follows. Assum-
ng incident infections z,t are equally likely to have occurred at
ny time within the time period   ˛ (where   ˛ corresponds to the
umber of time-steps between tests), z,t can be distributed equally
o the time-steps within this period such that the distributed inci-
ence at the time t of testing, ,t, is ,t = z,t/˛. Therefore the total
ncidence vt at a given time t is formed by ,t for herds tested at
ime t but also from the distributed incidence ,t for herds tested
n the interval (t + 1, t +   ˛ − 1) i.e. from herds in the same testing
requency interval that are tested after time t but before the herds
ested at time t are due a next test (however this interval may  be
ensored if the ﬁnal time point for which data are published, tf,
ccurs before t +   ˛ − 1). Therefore the calculation for estimating vt
an be written as:
t =
min(t+(4˛−1),tf )∑
s=t
=4,s +
min(t+(2˛−1),tf )∑
s=t
=2,s +
min(t+(˛−1),tf )∑
s=t
=1,s
The estimated incidence risk at time t, rˆt , is then given as rˆt =
t/Ntotal where Ntotal is the total number of herds.
However when a test is censored (i.e. tests which are due to
ccur in the interval (tf + 1, tf + ˛)  the test would contribute to inci-
ence in the observation interval ((tf − ( − 1)˛  + 1), tf)), and so the
ncidence events that would have been detected in the future can-
ot be distributed back across the testing period as the test is yet to
ake place. Without correction, this unobserved incidence would be
issed and therefore an additional calculation is required. This cor-
ection occurs when t > (tf − ( − 1)˛  + 1). The time period between
 censored test in the period (tf + 1, tf + ˛)  and the last observed test
s split into years and the unobserved number of incident infections
∗
,t that would have occurred for each year in the censored period is
stimated by assuming that the incidence rate equals that observed
n herds in the same testing frequency group that are tested at time
.
For example, a group of herds on four-yearly testing,  = 4, which
re due a testing at t = tf + 1, will have censored incidence for theemics 4 (2012) 179–186 183
interval (tf + 1 −   ˛ + 1, tf + 1) and z∗,t will be estimated when t =
(tf + 1 − 3˛), (tf + 1 − 2˛), (tf + 1 − ˛).
The censored number of annual incident infections z∗,t is esti-
mated by assuming the incidence is equivalent to the total incident
infections z,t from herds that are tested at time t, divided by  (to
extrapolate the annual incidence from z,t). This number is then
multiplied by the ratio of the number of censored herds N∗,t (herds
that will be tested at the same sub-interval m as t but the test occurs
in the interval (tf + 1, t + ( − 1))) to the number of herds tested at
time t (N,t). Therefore the number of censored incident infections
estimated to occur in a year at time t for herds assigned to testing
interval , z∗,t is calculated as z
∗
,t = z,t(N∗,t/N,t).
The number of censored herds at time t, N∗,t , is deﬁned
as follows: For herds where  = 4, N∗,t = N,t+(−1)˛ when
(tf − ( − 1)˛) < t ≤ (tf − ( − 2)˛), N∗,t = N,t+(−1)˛ + N,t+(−2)˛
when (tf − ( − 2)˛) < t ≤ (tf − ( − 3)˛) and N∗,t = N,t+(−1)˛ +
N,t+(−2)˛ + N,t+(−3)˛ when (tf − ( − 3)˛) < t ≤ tf ; and when
 = 2, N∗,t = N,t+˛ when (tf − ( − 1)˛) < t ≤ tf .
The estimated values of z∗,t are then distributed across the yearly
interval (t − (  ˛ − 1),  t) such that ∗,t = z∗,t/˛.
Therefore the total censored incidence at a given time t is written
as:
v∗t =
t+(˛−1)∑
s=t+max((˛−1)−(t−(tf −4˛+2)),0)
∗=4,s
when (tf − 4  ˛ + 2) ≤ t ≤ (tf − 2  ˛ + 1) and
v∗t =
t+(˛−1)∑
s=t
∗=4,s +
t+(˛−1)∑
s=t+max((˛−1)−(t−(tf −2˛+2)),0)
∗=2,s
when (tf − 2  ˛ + 1) < t ≤ (tf −  ˛ + 1), assuming there is no three-
yearly testing.
The estimated incidence risk for the time period (tf − 4  ˛ + 2) ≤
t ≤ (tf −  ˛ + 1) is calculated as rˆt = (vt + v∗t )/Ntotal .
The incidence risk is not estimated for the interval (tf −  ˛ + 1, tf )
because the corresponding values of z∗,t would need to be calcu-
lated for t = tf + 1, . . . , tf + (  ˛ − 1) (which is not possible because
no herds are tested at these times) before the incidence is dis-
tributed backwards into (tf −  ˛ + 1, tf ). A diagram explaining the
calculation of rˆt is given in the supplementary material.
This method was  applied to simulations of the number of tests
and number of positive tests with information of the time of each
test and the time of the last test () years ago. It was not possi-
ble to apply the method directly to the data published by Defra as
the timing of the previous test for each herd (by test result) is not
published.
Results
Model simulations from the best ﬁt model (maximum log like-
lihood = −604, maximum likelihood estimates of parameters given
in Table 1) replicated both the general increase in the number of
herds tested over time together (Fig. 1A) and the increase in the
number of OTFW herds over time (Fig. 1B), each with the seasonal
variability. The model estimate of true underlying incidence risk
for each of one hundred simulations from the best ﬁtting model is
shown in Fig. 2 (solid black line) and was  estimated to monotoni-
cally increase over time without ﬂuctuations. It was estimated to
increase between September 2003 and July 2004. There is a second
period of increasing incidence risk from November 2006 until June
2008. There was  a slight overestimation of the number of tests in
the middle of 2005 and 2008 and a slight underestimation in the
ﬁrst half of 2003, 2006, 2007 and the ﬁrst three months of 2010.
Model simulations of the number of herds with OTFW resulted in
184 I.M. Blake, C.A. Donnelly / Epid
Fig. 2. Comparison of Cox method (dotted red lines represent assuming no hetero-
geneity in risk within testing frequency groups and blue lines represent assuming
that only 1/5 of herds in each testing frequency group were at risk of developing
an  incident infection) underlying (model) GB cattle herd incidence risk (per month)
of  bovine TB per herd (black line). One hundred ﬁtted model simulations were run
with the given underlying risk. The simulated number of tests and positive tests
from  each testing interval were recorded at each time point and subsequently the
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testing frequency groups, the Cox method is a slight underesti-
T
P
oox  method was applied to the simulated data. (For interpretation of the references
o  colour in this ﬁgure legend, the reader is referred to the web  version of the article).
 small underestimation in the ﬁrst quarters of 2003 and 2005 and
he third quarters of 2006 and 2008; and a small overestimation in
he second quarter of 2005, ﬁrst halves of 2006 and 2007 and the
ast quarter of 2009. Consequently, the crude percentage of tests
esulting in herds with OTFW overestimates the data in the ﬁrst
uarters of 2006, 2007, 2009 and 2010; and underestimates the
ata in the second half of 2008.
The two observed ﬂuctuations in the percentage of tests result-
ng in OTFW, which peak in April 2005 and April 2008 respectively,
ere reproduced in the simulations from the best ﬁt model both
or the crude percentage of number OTFW herds out of the num-
er of OTF herds tested (Fig. 1C) and the smoothing methodology
sed by Defra (this method of smoothing removes the small peak
t the start of 2007) (Fig. 1D). The smoothed percentage of tests
hat result in OTFW was slightly lower for the simulations than
or the observed data in 2003 and slightly higher for the period
etween the two major ﬂuctuations and for 2010. Simulations from
he model where shifts in testing frequencies had been removed
esulted, as expected, in an approximately linear increase in the
able 1
arameter estimates of the best ﬁt model of cattle herd incidence and testing frequencies ﬁ
f  these with ofﬁcially TB free status withdrawn in 2003–2010 (numbers in brackets den
Model parameter 
q proportion of herds in Great Britain in risk category 3 at the start of 2003 
˚1 probability of a herd entering a higher risk category at each time step when
z1 ≤ time < z2
˚2 probability of a herd entering a higher risk category at each time step when time is
z3 ≤ time < z4
z1 time threshold at which incidence risk increases 
z2 time at which incidence risk stops increasing 
z3 time at which incidence risk starts increasing again 
z4 time at which incidence risk stops increasing 
2 threshold number of cumulative incident infections within a parish which when
reached, the frequency interval of parish herd testing is changed to two-yearly
testing
1 threshold number of cumulative incident infections within a parish which when
reached, the frequency interval of parish herd testing is changed to annual testing

  proportion of high-risk herds (incidence risk group 3) at the start of 2003 who are on
annual testing
 the ﬁrst time after the beginning of 2003 when testing frequencies are changed 
  the period between changing of testing frequenciesemics 4 (2012) 179–186
percentage of tests resulting in OTFW with no substantial ﬂuctua-
tions (supplementary information).
The parameter estimates from the best ﬁt model are given in
Table 1. The best ﬁt model contained four incidence risk categories
for cattle herds and estimated that 16% of herds in GB had an expo-
nential risk rate of 0.11 per year (high-risk) at the start of 2003
and the remainder of herds to not be at risk of developing bovine
TB. The best ﬁt model also estimated 18% of high-risk herds to be
on annual testing at the start of 2003 with the remainder of high-
risk herds randomly assigned to two-yearly and four-yearly testing,
given the overall proportion of all herds on each testing frequency at
the start of 2003. This resulted in 23% of annually tested herds being
high-risk and 18% of four-yearly tested herds being high-risk at the
start of 2003. The model also assumed that herds taken off four-
yearly testing were moved straight to annual testing, by-passing
two yearly testing.
A simpler model with a linear increase in risk was not sufﬁ-
cient to ﬁt to the data (corresponding log likelihood value = −645,
likelihood ratio test p < 0.001, df = 5). Model parameters were also
estimated for a model with two, three and ﬁve risk categories for
cattle herds but the model with four risk categories ﬁtted best
(maximum likelihood values were −610, −609, −604 and −608
respectively for ﬁtted models with 2, 3, 4 and 5 risk groups).
Within the relatively simple model structure, major changes
in herd testing frequencies were estimated to have occurred in
November 2004, October 2007 and September 2010.
The current Defra approach of plotting the percentage of tests
that result in OTFW over time (Fig. 1D) did not correspond well
with the estimated underlying risk (black line Fig. 2). The Defra
approach produces clear ﬂuctuations in the trend that are not
present in the estimated underlying risk. The method described
by Cox, adapted to allow for multiple infections having occurred
within a single test interval (Fig. 2), provided a much more accu-
rate estimate of the underlying risk for each of the ﬁve simulations,
as it predicted the risk to increase over time without the ﬂuc-
tuations. Each red line corresponds to the Cox method applied
to the data from one stochastic simulation of the best ﬁt model.
Results of sensitivity analysis of the performance of this method
given different patterns of underlying risk are shown in the sup-
plementary material. If no heterogeneity in risk is assumed withinmate of the underlying risk (red lines). Assuming that only one ﬁfth
of herds in each testing group were at risk of developing an inci-
dent infection yields increased estimates of underlying risk (blue
tted to data from Great Britain on the monthly number of herds tested and number
ote 95% conﬁdence intervals).
Estimate (95% CI)
0.16 (0.15–0.16)
0.015 (0.015–0.016)
0.005 (0.005–0.006)
September 2003 (August 2003–October 2003)
July 2004 (May 2004–September 2004)
November 2006 (September 2006–December 2006)
June 2008 (March 2008–September 2008)
1 incident infection (1–2)
1 incident infection (1–3)
0.18 (0.18–0.19)
November 2004 (October 2004–December 2004)
Two years and eleven months (two years and nine months–two years
and  two  months)
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ines), with a similar temporal trend that the estimates obtained
ssuming all herds are at risk within each testing group. Results
f sensitivity analyses of different assumed levels of risk hetero-
eneity within herds of the same testing interval are given in the
upplementary material.
iscussion
This work evaluated a method described by Cox (2010),  adapted
o allow for multiple infections having occurred within a single test
nterval, to infer the underlying incidence risk for infections (or
aults) that are typically asymptomatic but detectable using diag-
ostics, where data obtained from targeted surveillance systems
re challenging to interpret. Speciﬁcally, we inferred the under-
ying infection incidence risk of bovine TB in the period January
003–December 2010 from nationally collected data on the num-
er of tests and the number of these that that result in OTFW. We
howed using a stochastic model, that the current national repor-
ing system (percentage of tests on OTF herds resulting in OTFW
ver time) produces substantial artefactual temporal ﬂuctuations
ot present in the underlying incidence risk and that the alternative
ethod described by Cox (2010) performs considerably better.
The majority of cattle herds in GB are tested every four years,
very two years or annually where parishes with a past history
f conﬁrmed M.  bovis incidents (multiple incidents of OTFW) are
ested more frequently than parishes which have not experienced
n M.  bovis incident (Defra, 2011b). If a large number of cattle herds
re assigned to a more frequent testing interval at a given time,
here will naturally be a temporary rise in the number of herds
lassiﬁed as OTFW due to earlier detection of breakdowns that
ould have been detected later if the testing interval had not been
hanged. Subsequently the proportion of tests resulting in OTFW is
owered due to the overall increase in the number of herds tested
from the shift in more frequent testing) giving the impression that
he underlying incidence risk is declining when in fact it was not.
odel simulations shown in the supplementary material highlight
his phenomenon for a simple case in which the underlying risk is
onstant and increasing testing frequency for herds above a cumu-
ative incidence threshold results in a decline in the percentage of
ests resulting in OTFW to a lower level. Secondly, if shifts in test-
ng frequencies are removed in the model, simulations result, as
xpected, in an approximately linear increase in the percentage
f tests resulting in OTFW with no ﬂuctuations (supplementary
nformation), indicating that the shifts in testing frequency are a
ajor contributor to the observed ﬂuctuations. The Cox method
stimates the underlying risk by equally distributing conﬁrmed
ncidents across the respective testing period and estimating the
pportioned contributions of incidence from herds that would have
een tested after the ﬁnal time for which data are published. The
ox method is therefore not prone to generating artefactual ﬂuctu-
tions due to changes in testing intervals unlike the current Defra
pproach. The Cox method assumes that incidents are likely to have
ccurred at any time within the testing period. When this is not the
ase and the underlying risk changes over time (as estimated in this
ork) the Cox method results in a smoothed estimate of risk; how-
ver, as we have shown, the general trend of the underlying risk
s replicated and is a much closer representation of the underlying
isk than the method currently used by Defra.
The stochastic model, used to estimate the underlying incidence
isk (ﬁtted to the observed Defra data on the number of positive
ests over time) and to evaluate the performance of the Cox method
f estimating the incidence trend, is a simpliﬁcation of the testing
ractises and transmission of bovine TB. For example, the model
oes not allow for heterogeneity in the size of herds or parishes
nd larger herds have previously been found to be at higher riskemics 4 (2012) 179–186 185
than smaller herds (Vial et al., 2011; Kaneene et al., 2002; Porphyre
et al., 2008; White and Benhin, 2004). There is no distinction made
between dairy and beef herds and the former are thought to be at
higher risk of contracting bovine TB (Humblet et al., 2009). How-
ever, the model does allow for herds to be categorised into different
incidence risk groups with the proportion in each risk group at 2003
ﬁtted to the data. The model assumes that once a herd is classiﬁed
as OTFW it reverts to uninfected status immediately. We  recog-
nise that in reality many herds have reactor cattle detected on later
tests within the same incident but our idealised model used this
assumption for simplicity.
The best ﬁt model allowed testing frequencies of herds to be
changed at three time points, in November 2004, October 2007
and September 2010. This simpliﬁes the model considerably; how-
ever, at the beginning of 2005 there was a change to the method
used to calculate parish testing intervals (Defra, 2011c)  and there
was a second announcement by Defra that the approach to set-
ting testing intervals were changed in 2010 to a more risk-based
approach (Defra, 2011c).  Although there was no sudden shift in
testing frequencies in 2007, the proportion of herds on annual
testing also increased from 2005 to 2008 (Veterinary Laboratories
Agency, 2011), and this represented in a simpliﬁed form within the
model as a single shift in 2007. These simpliﬁcations of the sys-
tem may  be in part responsible for simulated data from the best ﬁt
model underestimating the ﬂuctuation peaks of the percentage of
tests resulting in OTFW.
The percentage of high-risk herds assigned to annual testing in
2003 was  estimated to be 18%. Although this percentage may  ini-
tially seem low, the proportion of annually tested herds that were
high-risk was substantially greater than the proportion of four-
yearly tested herds that were high-risk indicating that incidence
was, as expected, higher in annually tested herds. Secondly, our
deﬁnition of a high-risk herd is a herd with an exponential risk rate
for developing a conﬁrmed incident of 0.11 per year. The probability
of a given herd in this group having OTFW after a four-yearly test is
0.32 (Eq. (3))  and therefore although these herds are termed ‘high-
risk’ there is a chance that by 2003 they would not have resulted
in a conﬁrmed incident on testing (especially if incidence risk had
been lower prior to 2003) and hence the low estimated proportion
assigned to annual testing.
The model structure does not allow herds to be moved to a less
frequent testing category if they do not have incident events after
being moved to a higher frequency of testing and although this may
occur on occasion, the overall proportion of herds on annual test-
ing over time has increased (Veterinary Laboratories Agency, 2011)
therefore justifying this simplifying model assumption. The under-
lying incidence risk was estimated to increase between September
2003 and July 2004, and November 2006 and June 2008 only. The
true underlying risk is likely to be more complex than this simple
model; however an alternative model which assumed risk to lin-
early increase from 2003 to 2010 provided a worse ﬁt to the data,
indicating evidence for a heterogeneously increasing risk period. Of
course, even with as many parameters as the stochastic model has,
no model can reﬂect all of the sources of variability in the complex
transmission and surveillance systems which characterise bovine
TB in British cattle herds.
Nevertheless this simple model of infection incidence and
herd testing illustrates that a monotonic piecewise-linear function
describing the underlying national incidence risk can result in sim-
ulations that are similar, with regard to the number of herds tested
and number of tests resulting in OTFW over time, to the observed
data as published by Defra. This analysis also indicates that the cur-
rent Defra approach used to infer the incidence risk results in an
artiﬁcial ﬂuctuating pattern in the percentage of tests resulting in
OTFW over time. The Cox method yields estimates which much
more closely reﬂect the underlying trend (N.B. the testing interval
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or each herd in Great Britain over time is not published and there-
ore it was not possible to apply the Cox method to the published
ata analysed here but for those who access the complete herd
esting data, it will be relatively straightforward to apply the Cox
ethod).
The Cox method underestimates the underlying incidence risk
hen it is assumed that there is no heterogeneity in risk for herds in
he same testing frequency group. This is because when adjusting
he observed number of incident infections at time (t), to allow for
ultiple introductions within the testing period (Eq. (5)), a lower
stimate of the number incident infections in the testing period is
btained than if the number of incident infections in each risk group
ere adjusted separately by risk group. This presents a problem as
t is not possible in practice to identify herds accurately as high-
isk from the data available. One way to assess the impact of this
ncertainty is to calculate an estimate based on the assumption
hat incident infections can only occur in a proportion of herds in
ach testing group. However there is uncertainty as to what degree
f clustering to assume. To illustrate the impact of heterogeneity
f risk within testing groups, we present an increased Cox method
stimate of risk by assuming incident infections can occur in one
fth of herds in each testing frequency group. Importantly, whether
ssuming there is no heterogeneity in risk within testing frequency
roups or assuming there is a substantial heterogeneity in risk, the
ox estimates indicate the same temporal trend in the underlying
isk.
onclusion
In conclusion, we show that the current Defra reporting sys-
em of estimating the herd incidence rate does not characterise
atterns in the underlying incidence risk well as it can produce arte-
actual ﬂuctuations in the trend. Our best ﬁt transmission model
ndicates that the naïve interpretation that ﬂuctuations in the pub-
ished statistics represent substantial ﬂuctuations in the underlying
isk of infection is incorrect. In contrast, the method developed by
ox (2010) and adapted here to allow for multiple infections hav-
ng occurred within a single test interval performed well and should
hus be strongly considered in future. Without this methodological
mprovement, it will be more difﬁcult to evaluate clearly whether
ovine TB incidence in GB is being successfully controlled in future.
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